The newly emerged Middle East respiratory syndrome coronavirus (MERS-CoV) is a highly pathogenic respiratory virus with pathogenic mechanisms that may be driven by innate immune pathways. The goal of this study is to characterize the expression of the structural (S, E, M, N) and accessory (ORF 3, ORF 4a, ORF 4b, ORF 5) proteins of MERS-CoV and to determine whether any of these proteins acts as an interferon antagonist. Individual structural and accessory protein-coding plasmids with an N-terminal HA tag were constructed and transiently transfected into cells, and their native expression and subcellular localization were assessed using Wes tern blotting and indirect immunofl uorescence. While ORF 4b demonstrated majorly nuclear localization, all of the other proteins demonstrated cytoplasmic localization. In addition, for the fi rst time, our experiments revealed that the M, ORF 4a, ORF 4b, and ORF 5 proteins are potent interferon antagonists. Further examination revealed that the ORF 4a protein of MERS-CoV has the most potential to counteract the antiviral effects of IFN via the inhibition of both the interferon production (IFN-β promoter activity, IRF-3/7 and NF-κB activation) and ISRE promoter element signaling pathways. Together, our results provide new insights into the function and pathogenic role of the structural and accessory proteins of MERS-CoV.
INTRODUCTION
The 2002-2003 outbreak and spread of severe acute respiratory syndrome, which was caused by an emerging novel coronavirus (CoV) named severe acute respiratory syndromeassociated virus (SARS-CoV), eventually killed 774 of the ~8000 sickened individuals and caused world-wide economic damage in the range of 100 billon US dollars. A novel lineage C beta-coronavirus was recently identifi ed. The virus, renamed Middle East respiratory syndrome coronavirus (MERS-CoV), causes acute pneumonia with renal failure and was fi rst identifi ed in humans in the Middle East in 2012 de Groot et al., 2013) . Through August 1, 2013, a total of 94 cases, including 46 fatalities, have been reported, and recent epidemiological investigations strongly suggest the possibility of human-to-human transmission (Breban et al., 2013; World Health Organization, 2013) . These fi ndings have reignited public concern about the potential for a MERS pandemic.
The MERS-CoV genome is approximately 30 kb in size and generally encodes three broad protein classes (Fig. 1A) . Its virions are approximately 90 to 120 nm in diameter and contain a lipid bilayer surrounding a helical nucleocapsid structure that protects the genome. Several struc- The genome structure of coronaviruses is highly conserved among all known coronaviruses. Each coronavirus has similar structural ORFs in their genomes. The accessory ORFs are unique to each coronavirus. There is no sequence or structural similarities between the MERS-CoV and SARS-CoV accessory proteins. The chemically synthesized coding genes of individual structural and accessory proteins were inserted into the expression vector pCAGGS with an HA-tag at the N-terminus of the protein. The SP (signal peptide) sequence of spike was also indicated. (B) Expression analysis of the individual structural and accessory proteins of MERS-CoV in 293T cells using Western blotting. Samples were collected from cells transiently transfected with individual ORF expression plasmids or pCAGGS (indicated as Mock) at 3 days posttransfection, and 100 ng of protein was loaded into each lane for SDS-PAGE and Western blotting using mouse anti-HA and anti-β-actin mAbs as the primary antibodies at a 1:1000 dilution. Samples were normalized by measuring the relative amount of β-actin in the same sample. , and ORF 5 are predicted to be accessory proteins . These accessory proteins may infl uence viral pathogenesis and disease outcomes, regulate specific virus-host interactions and/or promote the development of an intracellular environment that is conducive for effi cient virus growth, as reported for SARS-CoV and other coronaviruses (McBride et al., 2012) . However, the precise location and function of these proteins remain unclear and are of particular interest for understanding the pathogenesis of MERS-CoV. The final broad category of coronavirus genes encodes the replicase proteins, also called nonstructural proteins. These viral proteins are encoded in the 5'-most two-thirds of the coronavirus genome, which is essential for polyprotein processing, replicase complex formation, and effi cient virus replication. Coronaviruses, similar to many other viruses, have evolved mechanisms to circumvent the innate immunity of their hosts at multiple levels (Totura et al., 2012) . The principal response of mammalian cells to viral infection is the activation of the type I interferon (IFN)-mediated innate immune response through the production of type I IFNs (IFN-α and IFN-β). The subversion of the host IFN system is a key component of pathogenic viral infection and is mediated by virus-encoded IFN antagonist proteins. Each protein blocks one or more key signaling proteins in the IFN and NF-κB pathways to enhance viral replication and pathogenesis (García-Sastre et al., 2006; Randall et al., 2008; Taylor et al., 2013) . A number of coronavirus gene products have been implicated in the disruption of signal transduction events required for the IFN response (Totura et al., 2012) . Each protein antagonizes the innate immune response but uses different tools and targets to achieve these goals (García-Sastre et al., 2006) .
MERS-CoV
The goal of this study is to characterize the expression and subcellular location of individual structural and accessory proteins of MERS-CoV and determine whether any of these proteins acts as an interferon antagonist. First, we analyzed the expression and subcellular localization of the individual proteins in cells that had been transiently transfected with structural and accessory protein-expressing plasmids. For the fi rst time, our experiments revealed that the M, ORF 4a, ORF 4b, and ORF 5 proteins of MERS-CoV are potent interferon antagonists. Further examination revealed that the ORF 4a protein of MERS-CoV has the most potential to act as an antagonist of the antiviral activity of IFN via the inhibition of both the interferon production (IFN-β promoter activity, IRF-3/7 and NF-κB activation) and the ISRE promoter element signaling pathways.
RESULTS

Characterization of the expression and subcellular localization of MERS-CoV structural and accessory proteins
To characterize the expression and subcellular localization of the structural and accessory proteins of MERS-CoV, individual structural protein (S, E, M, and N) and accessory protein (ORF 3, ORF 4a, ORF 4b, and ORF 5) encoding plasmids were constructed with an HA-tag at the N-terminus of each protein (Fig. 1A) . Individual expression plasmids were transiently transfected into 293T or BHK cells, and their native expression and subcellular localization were assessed using Western blotting and an indirect immunofl uorescence assay (IFA) (Figs. 1B and 2) .
As measured by Western blotting using a mAb against the HA tag and β-actin as the sample loading control, individual expression constructs encoding structural and accessory proteins of MERS-CoV were expressed at different levels at the appropriate size, as expected (Fig. 1B) . The results also indicated that the expressions of S, E, M, ORF 3, and ORF 4a experience some post-translational modifi cations that need further confi rmation, as S, M, ORF 3, and ORF 4a were predicted to have N-glycosylation sites.
Post-translational modifi cations and the correct subcellular localization of viral structural proteins are prerequisites for the assembly and budding of enveloped viruses. Coronaviruses, such as the SARS-CoV bud from the endoplasmic reticulumGolgi intermediate compartment (Lai et al., 2006) . In this study, the subcellular distribution of MERS-CoV surface proteins (S, E, and M) and N protein were analyzed by IFA and confocal microscopy using N-terminally tagged proteins ( Fig. 2A-D) .
We next analyzed the expression of MERS-CoV surface proteins. S protein expression was detected throughout the cytoplasm and at the plasma membrane; further analysis showed that it co-localized with ER and Golgi markers and partially colocalized with ERGIC in compartments along the secretory pathway ( Fig. 2A) . Previous studies showed that coronavirus E proteins may have different subcellular localizations. For example, the SARS-E protein forms large membrane clusters codistributing with ER markers, while the IBV-E protein is localized to the Golgi complex (Corse et al., 2000; Nal et al., 2005; Nieto-Torres et al., 2011) . Our results demonstrated that the MERS-E protein mainly co-localizes with the Golgi apparatus, similar to IBV-E (Fig. 2B) . The M proteins of several coronaviruses have been reported to accumulate in the Golgi complex of mammalian host cells (Nal et al., 2005) . Likewise, the MERS-CoV M protein clearly co-localized with the Golgi apparatus and ERGIC in the perinuclear area, and there were also distinct punctate within the cytoplasm (Fig. 2C ). In addition, we observed that the MERS-CoV N protein remained exclusively localized to the cytoplasm, with no signifi cant co-localization with the ER, ERGIC, or Golgi apparatus (Fig. 2D) .
Previous studies have showed SARS-CoV accessory proteins have different subcellular localizations and functions (McBride et al., 2012) . Similarly, MERS-CoV accessory proteins also have different subcellular localizations ( Fig. 2E-H) . ORF 3 demonstrated punctate cytoplasmic distribution and co-localization with the ER and ERGIC (Fig. 2E ), while ORF 4a was detected throughout the cytoplasm without any signifi cant colocalization with the ER, ERGIC, or Golgi (Fig. 2F ). Similar to SARS-CoV ORF 3b, MERS-CoV ORF 4b localized majorly to the nucleus (Fig. 2G) ; its molecular determinants need further investigation (Yuan et al., 2005) ; fi nally, ORF 5 was found to be 
ORF 4a, ORF 4b, ORF 5, and M proteins inhibit the induction of IFN-β
It has been previously reported that some of the SARS-CoV structural and accessory proteins display different interferon antagonist activities, so we sought to determine whether the MERS-CoV structural and accessory proteins have the same function Freundt et al., 2009; Siu et al., 2009) . Preventing expression from the interferon promoter is one of the mechanisms by which viral proteins inhibit the interferon response, so IFN-β promoter activation in response to Sendai virus (SeV) infection in the presence or absence of MERS proteins was measured. As expected, the positive control (NS1) demonstrated the strongest inhibition of IFN-β-luciferase, up to approximately 80% (Fig. 3A) . The MERS-CoV ORF 4a, ORF 4b, ORF 5, and M proteins all showed different levels of inhibition of IFN-β promoter, of which ORF 4a was the strongest, as it exhibited a similar inhibition as the positive control (NS1). This observation was further confi rmed at the mRNA level by RT-PCR analysis (Fig. 3B) . These results indicate that the four proteins function as antagonists by inhibiting the induction of interferon.
ORF 4a, ORF 4b, ORF 5, and M inhibit the function of IRF-3 and ORF 4a inhibits the function of NF-κB
The expression of type I IFN is controlled by latent transcription factors, including the IFN regulatory factor 3 (IRF-3). IRF-3 is constitutively expressed in the cytoplasm in latent form and is regulated by posttranslational modifi cation. Phosphorylated IRF-3 undergoes dimerization, nuclear translocation, and association with the co-activator CBP/p300 and then primarily activates the IFN-β promoter. Previous studies have shown that the binding of activated IRF-3 to the interferon promoter is necessary for interferon induction (García-Sastre et al., 2006) . The ability of the four MERS-CoV proteins to block the IRF-3-mediated activation of its binding sites was evaluated using a plasmid containing a fi refl y luciferase gene under the control of a promoter with three IRF-3 binding sites (55-CIB). All four MERS-CoV proteins, i.e., ORF 4a, ORF 4b, ORF 5, and M, inhibited the activation of the 55-CIB promoter similarly to the positive control, NS1 (Fig. 4A) . These results indicate that ORF 4a, ORF 4b, ORF 5, and M prevent the activation of promoters requiring IRF-3 binding, such as the interferon promoter. Given the ability of the four proteins to inhibit the IRF-3-mediated activation of its binding sites, it was important to determine how the function of IRF-3 was blocked. As expected, IRF-3 remained in the cytoplasm of mock cells, while it translocated to the nuclei of SeV-infected cells (Fig. 4B) . Cells expressing MERS-CoV proteins demonstrated exclusively cytoplasmic GFP-IRF-3 localization following SeV infection, providing evidence that the expression of the four proteins blocks the virusinduced nuclear accumulation of IRF-3.
NF-κB is another cellular component necessary for the production of interferon. Similar to IRF-3, NF-κB is a transcription factor that is activated after viral infection and binds to the interferon promoter to activate transcription (García-Sastre et al., 2006) . The ability of the four proteins to block the NF-κB-mediated activation of its binding sites was evaluated using a plasmid containing a fi refl y luciferase gene under the control of a promoter with two NF-κB binding sites. As expected, the positive control, NS1, inhibited expression from this promoter. Only the ORF 4a protein inhibited the activation of the NF-κB promoter (Fig. 4C) , with an inhibition rate of approximate 50% (P < 0.05). This result may explain why ORF 4a could inhibit the production of IFN-β to a greater extent than the other three proteins. Cells were fi xed 16 h post-infection and analyzed by microscopy using an antibody that recognizes the HA tag and a TRITC-conjugated goat anti-mouse secondary antibody. (C) ORF 4a protein inhibits NF-κB activation. 293T cells were co-transfected with a plasmid expressing fi refl y luciferase under the control of an NF-κB-resp onsive promoter containing two NF-κB binding sites, the Renilla luciferase plasmid, and the indicated plasmids. At 24 h post-transfection, cells were infected with Sendai virus. Cells were harvested and analyzed for Firefl y and Renilla luciferase activity at 24 h post-infection. Data were normalized using the Renilla luciferase values. Data are representative of three independent experiments with triplicate samples. *, P < 0.05 versus empty vector (Student's t-test). 
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& the four proteins to inhibit interferon signaling was evaluated using a plasmid containing a fi refl y luciferase gene under the control of an ISRE promoter. After treatment with IFN-β, the ORF 4a, ORF 4b, and M proteins effi ciently inhibited expression from the ISRE promoter to different extents (P < 0.05), up to 70% for ORF 4a. However, the ORF 5 protein had little effect on expression from the ISRE promoter (Fig. 5A ). This observation was also confi rmed at the mRNA level by detecting the expression of ISG54 and ISG56 using RT-PCR analysis (Fig. 5B) . These data indicate that the ORF 5 protein inhibits only interferon synthesis, while the ORF 4a, ORF 4b, and M proteins inhibit not only interferon synthesis but also interferon signaling.
DISCUSSION
An understanding of how each antagonist affects the innate immune response illuminates key interactions between the host signaling pathway components and the virus. In addition, these studies pinpoint key host cell components that function to regulate viral replication and pathogenesis, providing novel targets for the development of antiviral compounds (García-Sastre et al., 2006; Randall et al., 2008; Taylor et al., 2013) . In this study, we have used several IFN antagonist assays to identify the M, ORF 4a, ORF 4b, and ORF 5 proteins of MERS-CoV as potential IFN antagonists. These novel fi ndings, coupled with the previous identification of differential IFN antagonist activities encoded within different regions of coronaviruses, suggest that Coronaviridae genomes likely encode multiple and different antagonists of the innate immune system. Understanding the mechanism of action of each antagonist may also direct us to novel therapeutic targets on both the virus and the host. Our results showed that, similar to other coronaviruses, individually expressed recombinant MERS-CoV S protein was detected throughout the typical secretory pathway of mammalian cells, from the ER to the plasma membrane. Consistent with SARS-S, MERS-S may also contain a dibasic motif that retains the protein in the ERGIC (Lu et al., 2011) . However, unlike the SARS-CoV S protein, the MERS-CoV S protein did not primarily concentrate in the Golgi region (Nal et al., 2005) . Previous studies on SARS-CoV showed that the M protein localizes predominantly to the Golgi apparatus and overlaps with the ERGIC (Nal et al., 2005) ; our results showed the same localization for the MERS-CoV M protein. Whereas SARS-CoV E is generally detected in the perinuclear regions and the ER (Nieto-Torres et al., 2011), MERS-CoV E was predominantly detected in the Golgi apparatus in this study, similarly to the IBV-E protein (Corse e t al., 2000) . While the N protein of several CoVs localizes to the nucleolus during infection and after the transfection of cells with N genes, such as IBV, TGEV, and MHV Lontok et al., 2004) , the N protein of MERS-CoV was observed to exclusively localize to the cytoplasm, similar to the N protein of SARS-CoV Surjit et al., 2005; You et al., 2005) . MERS-N is predicted to contain two nuclear localization signals (pat 4: RHKR at 251 aa; pat7: PKKEKKQ at 362 aa) using PSORTII (http://psort.nibb. ac.jp). However, the protein does not seem to localize to the nucleus, so we may presume that the two nuclear localization signal (NLS) motifs are inactive or inaccessible or that cytoplasmic localization was the dominant localization signal in the protein. These data suggest that the nuclear localization of the N protein is not a common property among all coronaviruses.
Although accessory proteins from coronaviruses are often dispensable for viral replication, they may play vital roles in virulence and pathogenesis by affecting host innate immune responses, encoding pro-or anti-apoptotic activities or impacting other signaling pathways that might infl uence disease outcomes (Susan et al., 2011) . To date, little is known about the subcellular localization and function of MERS-CoV accessory 
-test). (B) 293T cells
were transfected with the indicated plasmids for 24 h and then infected with Sendai virus for 8 h. Total cellular RNA was extracted and the expression of ISG54 and ISG56 were measured by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control to ensure that RNA of comparable quality was analyzed.
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proteins. Among the four accessory proteins of MERS-CoV, the localization of ORF 4b is of particular interest, as it majorly localizes to the nucleus, similar to the SARS-CoV ORF 3b (Yuan et al., 2005) . Previous studies have shown the molecular determinants for nuclear localization and the possible functions of ORF 3b, such as the induction of apoptosis, cell G 0 /G 1 arrest and IFN antagonism (Yuan et al., 2005; Khan et al., 2006; Kopecky-Bromberg et al., 2007; Freundt et al., 2009 ). In our study, we showed that ORF 4b could act as an IFN antagonist, though the molecular determinants for its nuclear localization and other possible functions need further investigation.
The initial host response to infection is controlled by the innate immune system, which serves as a robust barrier to the establishment and maintenance of a productive viral infection. However, viruses have coevolved an armament of components that evade and/or block host innate immune responses, or they express components that shield infection from detection (García-Sastre et al., 2006; Randall et al., 2008; Taylor et al., 2013) . Type I IFNs are essential for host protection against coronaviruses. The viruses may encode proteins (IFN antagonists) that directly inhibit the signaling pathways that are responsible for IFN induction. Signifi cant amounts of data support the hypothesis that coronaviruses encode one or more IFN antagonist genes. Among the human coronaviruses, SARS-CoV is the best characterized both biochemically and molecularly. Notably, the first coronavirus antagonists of innate immunity were documented in the SARS-CoV genome, pioneering similar studies in other important human and animal CoV genomes. Until recently, SARS-CoV has been shown to have at least 8 proteins that inhibit IFN induction/signaling, including nsp1 (Wathelet et al., 2007; Kamitani et al., 2009; Huang et al., 2011) , PLP (Devaraj et al., 2007; Frieman et al., 2009; Sun et al., 2012) , nsp7, nsp15 (Frieman et al., 2009), ORF 3b, ORF 6, N, and Siu et al., 2009; Lu et al., 2011) . Moreover, the SARS-CoV ORF 6 protein is known to inhibit IFN-induced JAK-STAT signaling by blocking the nuclear translocation of phosphorylated STAT1 (p-STAT1) Kopecky-Bromberg et al., 2007) . Recent studies have found that the MERS-CoV failed to elicit strong type I IFN or proinflammatory innate immune responses in ex vivo respiratory tissue cultures. The replication of MERS-CoV was strongly inhibited by treatment with cyclosporin A or IFN-α, and MERS-CoV infection could not inhibit the nuclear translocation of p-STAT1 (Chan et al., 2013; de Wilde et al., 2013) , indicating that MERS-CoV may have evolved some alternative mechanisms to combat IFNs.
Similar to SARS-CoV (Totura et al., 2012) , several MERSCoV structural and accessory proteins act as IFN antagonists when transiently expressed in this study. The M protein and the products of the accessory genes ORF 4a, ORF 4b, and ORF 5 were all found to prevent the synthesis of IFN-β through the inhibition of interferon promoter activation and IRF-3 function. The possible mechanism for the inhibition of IRF-3 nuclear translocation is the inhibition of the phosphorylation of IRF-3 (García-Sastre et al., 2006) . In addition, the ORF 4a, ORF 4b, and M proteins inhibited ISRE activation. Furthermore, ORF 4a protein inhibited NF-κB and was the most potent interferon antagonist among all above proteins tested. Because MERSCoV infection could not inhibit the nuclear translocation of p-STAT1 (de Wilde et al., 2013) , the mechanism of the inhibition of interferon signaling for ORF 4a, ORF 4b, and M needs further elucidation. Similar to other highly pathogenic viruses, such as the Nipah virus (Shaw et al., 2009) , MHV (Ye et al., 2007; Koetzner et al., 2010; Zhao et al., 2011) , SARS-CoV (Devaraj et al., 2007; Frieman et al., 2007; Kopecky-Bromberg et al., 2007; Frieman et al., 2009; Siu et al., 2009; Lu et al., 2011; Sun et al., 2012) , and Ebola viruses (Reid et al., 2006; Basler et al., 2007) , MERS-CoV encodes more than one protein that is able to inhibit interferon, which may contribute to the severe pathogenicity of the virus. Given the diverse array of novel genetic functions, it is not surprising that MERS-CoV also encodes several proteins that modulate the host innate immune response during infection via different pathways and acts on multiple targets within the innate immune response (Frieman et al., 2008; Totura et al., 2012) .
As reported for other viruses, the MERS-CoV/host interaction and the modulation of the innate immune response are highly dependent on cell type, virus concentration, and whether the results are obtained from in vitro or in vivo experimentation (García-Sastre et al., 2006; Randall et al., 2008; Totura et al., 2012; Taylor et al., 2013) . Our primary studies on MERSCoV were performed using over-expression constructs in cell culture using individual viral components, a system that may not accurately refl ect the innate immune signaling that occurs during virus infection in vivo. Additional studies are needed to elucidate the potential for IFN antagonism by these proteins in the context of virus infection.
In conclusion, we fi rst show here the expression and subcellular localization of structural and accessory proteins of MERS-CoV. Furthermore, our in vitro results fi rst identifi ed that the M, ORF 4a, ORF 4b, and ORF 5 proteins of MERS-CoV are potential interferon antagonists. ORF 4a was the most potent antagonist, inhibiting multiple levels of the IFN response via the inhibition of both interferon production (IFN-β promoter activity, IRF-3 and NF-κB activation) and the ISRE promoter element signaling pathway. To our knowledge, this is the fi rst insight into the subcellular localization, function and pathogenic role of structural and accessory proteins of MERS-CoV. According to a recent report, the replicase polyprotein of MERSCoV is cleaved into 16 nonstructural proteins ; it thus remains a possibility that one or more of these products also inhibit the interferon response, much like SARS-CoV (Devaraj et al., 2007; Wathelet et al., 2007; Frieman et al., 2009; Kamitani, et al., 2009; Huang et al., 2011; Sun et al., 2012) . 
MATERIALS AND METHODS
Cells and virus
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& dium (Gibco-BRL) supplemented with 10% heat-inactivated foetal bovine serum (HyClone), penicillin (100 U/mL), streptomycin (100 g/mL), nonessential amino acids (0.1 mmol/L), and L-glutamine (2 mmol/L) (Life Technologies). Sendai virus (SeV), Cantell strain, was propagated at 37°C in 10-day-old embryonated chicken eggs.
Plasmid constructs
All of the ORFs of MERS-CoV were derived from the published sequence (GenBank accession number: JX869059) and chemically synthesized (Qingke Bio-Tech Engineering Service Co., Ltd.). All genes were cloned into the pCAGGS (Niwa et al., 1991) vector constructed with an N-terminal HA tag. The signal peptide (SP) of the spike (S) protein located from 1 to 18 peptides (Lu et al., 2013) . A positive control, plasmid pCAGGS-HA-NS1(PR8) encoding the NS1 protein of infl uenza strain PR8, was kindly provided by Dr. Georg Kochs (Department of Virology, University of Freiburg, Germany) (Kochs et al., 2007) . The successful expression of the proteins was confi rmed by Western blotting using a mAb against the HA tag (Anbobio). pGL3-IFNβ-luc, p55-CIB-luc, pNF-κB-luc, pISRE-luc, pRL-SV40, and pEGFP-IRF-3 were gifts from Zhendong Zhao (Institute of Pathogen Biology, Chinese Academy of Medical Sciences and Peking Union Medical College, China) and described elsewhere (Sun et al., 2009; Wang et al., 2013) .
Western blots
293T cells were seeded in 6-well dishes and transfected with empty vector or plasmids encoding the MERS-CoV proteins. At 24 h posttransfection (p.t.), the cells were lysed in ice-cold RIPA buffer (50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate) supplemented with a protease inhibitor mixture (Sigma). The lysates were kept on ice for 10 min, centrifuged, and resolved by 6% SDS-PAGE. The proteins were then transferred to a PVDF membrane (Bio-Rad), blocked with 5% skim milk in PBST for 1 h, and then probed with the indicated primary antibodies at an appropriate dilution overnight at 4°C. The following day, the membrane was incubated with the corresponding IRDye 800-labeled IgG secondary antibodies (LI-COR Biosciences) and scanned using the Odyssey Infrared Imaging System (LI-COR Biosciences).
Indirect immunofl uorescence assay and confocal microscopy
BHK cells were seeded onto glass coverslips in a 24-well plate and transfected with the indicated expression plasmids using the XtremeGENE HP reagent (Roche). At 24 h p.t., the cells were fi xed in 4% formaldehyde, permeabilized in 0.5% Triton X-100, blocked in 5% BSA in PBS and then probed with primary antibodies for 1 h at room temperature. Primary antibodies used were mouse anti-HA (Anbobio), goat anti-Calnexin (Santa Cruz), goat anti-Giantin (Santa Cruz), and goat anti-ERGIC-53 (Santa Cruz). The cells were washed three times with PBS and then incubated with either donkey anti-mouse Ig conjugated with Alexa fl uor 488 or donkey anti-goat Ig conjugated with Alexa fl uor 594 (Molecular Probes) at a dilution of 1:500 for 1 h. The cells were then washed and stained with 4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes) to detect nuclei. To visualize GFP-IRF3 localization, 293T cells were co-transfected with pEGFP-IRF-3 and the indicated plasmids, and the MERS-CoV proteins were labeled using the primary antibody mouse anti-HA (Anbobio) and the secondary antibody TRITC-conjugated goat anti-mouse IgG. Fluorescence images were obtained and analyzed using an LSM 510 laser-scanning confocal microscope (Carl Zeiss, Oberkochen, Germany).
Transfection and reporter gene assays
293T cells were seeded in 24-well dishes and transfected with 1.5 μg of the indicated plasmids, 25 ng pRL-SV40, and 0.5 μg pGL3-IFNβ-luc plasmid, pNF-κB-luc plasmid or p55-CIB-luc plasmid using the XtremeGENE HP reagent (Roche). At 24 h p.t., cells were infected with Sendai virus at an MOI of ~5 for 18 h. For the ISRE promoter activation assay, 293T cells were transfected with 1.5 μg of the indicated plasmids, 25 ng pRL-SV40, and 0.5 μg pISRE-luc, and cells were mock treated or treated with 3,000 U/mL recombinant human IFN-β (Calbiochem) for 18 h. Cells were harvested, lysed, and analyzed with a DualLuciferase Reporter Assay System according to the manufacturer's protocol (Promega). Values for the samples were normalized using the Renilla luciferase values and expressed as percentages of the value for the negative control.
Reverse transcription-PCR (RT-PCR)
Total RNA was extracted from cells using TRIzol reagent (Invitrogen). RNA samples were treated with DNase I (Pierce), and reverse transcription was carried out using the Superscript cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions as previously described (Lei et al., 2010) . cDNA samples were subjected to PCR amplifi cation and electrophoresis to detect IFN-β, ISG54, ISG56 expression, and the glyceraldehyde 3-phosphate dehydrogenase (GAP-DH) was used as an internal control to ensure that RNA of comparable quality was analyzed. The primers used were as follows: for human IFN-β, 5'-TAGCACTGGCTGGAATGAG-3' and 5'-GTTTCGGAGG-TAACCTGTAAG-3'; human ISG54, 5'-CTGCAACCATGAGTGAGAA-3' and 5'-CCTTTGAGGTGCTTTAGATAG-3'; human ISG56, 5'-TACA-GCAACCATGAGTACAA-3' and 5'-TCAGGTGTTTCACATAGGC-3'; and GAPDH, 5'-CGGAGTCAACGGATTTGGTCGTA-3' and 5'-AGC-CTTCTCCATGGTGGTGAAGAC-3'.
